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Abstract

In air conditioning, free cooling is often used for saving energy. Free cooling is understood here as a bypass
water circuit with direct recooling by the environment, not heat removal by nightly ventilation. Contrary to
common practice in Switzerland, free cooling is not always economically beneficial. To estimate its potential
in air conditioning systems, there are no generally applicable evaluation criteria or guidelines available. The
aim of this work is to assess the free cooling potential in Switzerland by applying quasistatic simulations
depending on supply temperature, application, location, circuit and type of heat discharge. The results show
that supply temperature is the most influential parameter. Below 14 °C all investigated applications (except
data centers) show generally less than 10% of free cooling amount in total annual cooling load, therefore not
economically benefitting from it. Furthermore, the potential is strongly dependent on climate at the location.
Cold regions like the Swiss alps allow longer yearly free cooling operation than warmer regions. If recoolers
are used to pre-cool the returning cold water flow, the free cooling potential can almost be doubled.
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1. Introduction

Free cooling (FC) is generally used in refrigeration systems for saving energy and reducing refrigeration
costs. Recent literature also reflects this trend: Lot of successful effort is put into assessing the
worldwide/european/swiss FC potential of data centers [1-3] and reviewing/optimizing existing FC systems in
data centers [4-7]. This topic is of utmost importance considering the environmental impact of ever-increasing
data traffic around the globe. Furthermore, it strongly improved expertise on how and where FC brings
significant energy savings in data centers. Regarding FC potential for general air-conditioning applications,
sophisticated work can be found addressing either the FC potential in specific cooling applications [8], [9],
assessing it more generally at specific locations [10] or over a wider geographical scope [11]. As FC is a known
technology by now, efforts are also put into expanding FC use, for example by applying phase change materials
in combination with innovative cooling concepts [12-16]. As to FC potential in Switzerland, specific systems
have been reviewed [17], [18]. Matthey and Affolter were able to determine the FC potential of the city of
Neuchéatel [19], whereas Artmann, Manz and Heiselberg determined the FC potential by nightly ventilation
over Europe [20]. This work aims to gain insight on FC potential in Switzerland with particular attention to
influencing factors such as cold water supply temperature (T¢ys), application, location, hydraulic integration
(circuit) and type of heat discharge.
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2. Modelling

The analysis is intended to provide findings on appropriate use-cases for FC in air conditioning. For this
purpose, applications in specific sample buildings were considered. With regard to modelling, they were all
divided into three subsystems: recooler (refrigeration machine heat discharge), cold generation and cooling
distribution/building (see Fig. 1Error! Reference source not found.). FC is assigned to the cold generation
subsystem.

2.1. Parameter set

To assess influential variables on the FC potential, a suitable parameter set was established. It consists of
varying values for the editable subsystems and boundary conditions: hydraulic integration (circuit), type of
heat discharge, T,y s, location with associated boundary conditions as well as type of cooling application.

Firstly, to clarify the influence of different hydraulic integrations, a total of five circuits (Fig. 1) were
examined in consultation with experts. Each circuit contains the aforementioned subsystems and can be
assigned to an operating group. Circuits 1, 2 and 4 are bivalent-alternative systems, where the cooling load is
covered either by the refrigeration machine or FC. Circuits 3 and 5 are bivalent-parallel systems, whereby cold
water can be precooled by FC and is simultaneously run with the refrigeration machine.
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Fig. 1. Simplified scheme of investigated circuits

Secondly, various types of heat discharge systems were investigated. Depending on the type, FC return
temperatures and therefore the possible FC operating time is affected. All types were simulated with a
maximum capacity, which is never exceeded. This maximum capacity is defined as the design cooling load of
the building, which was calculated site and application specific according to the standard of the Swiss Society
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of Engineers and Architects (SIA) 2024 [21]. In other words, separate discharge systems for FC (circuit 2 to 5)
are able to dissipate the complete design load. The design also takes into account site-specific boundary
conditions of the outside air (according to summer design data from SIA 2028 [22]) as well as application-
specific sizes (according to SIA 2024 [21]). Every type leads to specific input parameters, which are
summarized in Table 1. One value is the temperature difference between wet bulb and heat discharge return
line (dTyp—g.), Which was assumed to be constant. The second value is the reference temperature (T..f) at
which heat can be discharged to.

Table 1: Details of investigated heat discharge systems for FC

Type of heat discharge  Calculation dTypg_g; Calculation Tg.s

Dry recooler According to standard SWKI 2003-3 Location dependent outside air temperature
[23] according to standard SIA 2028 [22]

Hybrid recooler According to standard SWKI 2003-3 Location dependent wet bulb temperature
[23] according to standard SIA 2028 [22]

Geothermal probe According to standard SIA 384/6 [24] Location dependent soil temperature

according to standard SIA 384/6 [24]

Groundwater collection Mean of values to strive for accordingto  Location dependent wet bulb temperature
VDMA 24247-8 [25] according to standard SIA 2028 [22]

Some simplifications and delimitations must be considered: Hybrid recoolers were modeled to be sprayed
on with water constantly, leading to the maximum possible FC potential. In every simulation run, the used heat
discharge system (dry/hybrid) of the refrigeration machine was the same as for FC. Regarding geothermal
probes and groundwater collection, soil temperature changes as well as legal regulations were neglected, also
resulting in maximum FC potential. Ground temperature could only be estimated and varies strongly with
subsurface conditions and drilling depth, only allowing a rough estimation of FC potential. For circuits 2 to 5,
separate FC with geothermal probes or groundwater is excluded. Usually, those heat discharge systems are
built for recooling the refrigeration machine and are additionally used for FC, which reduces circuits 2 to 5 to
circuit 1 in this regard. The effect of water fed heat discharge systems was therefore only calculated with
circuit 1.

Thirdly, Tqys was varied to investigate its influence. By choosing the temperature level of the cold water,
that for FC is also determined which in turn affects its possible operating time. According to SIA 382/1 [26],
temperatures of 6, 10 and 14 °C were used representing typical values for air conditioning applications. 18 °C
serves as an interpolation value and with 22 °C a typical temperature for data center cooling was included.
Tews is always assumed to be constant, hence no adjustment to the outside temperature is considered.

Fourth, different locations were evaluated. Due to various environmental conditions, the heating and cooling
demand of an application as well as the minimum temperature of heat discharge are affected. To evaluate the
site dependency, data of the weather measuring stations Zurich, Basel, Geneva, Lugano and Davos were
included (Fig. 2). These can be assigned to one of the three climatic/geographical regions of Switzerland:
Central plateau, Swiss alps and Ticino (Table 2). This assignation serves to extrapolate to a more general view
over Switzerland. Weather data was obtained from the Federal Office of Meteorology and Climatology
(MeteoSwiss) [27]. In the years 2010 to 2016, the year 2013 shows the smallest deviation of annual mean
values from the norm across all stations considered (according to MeteoSwiss). Therefore, 2013 was finally
used for weather data. Table 3 shows weather parameters (measured in hourly mean values) used for
the calculation.

Table 2: Locations and their boundary conditions

Region Location Meters above sea level Annual mean air Annual mean soil
temperature Ty, [°C] temperature [°C]
Central plateau Basel 316 10.3 124
Geneva 410 10.2 12.6
Zurich 426 9.4 11.3
Swiss alps Davos 1594 3.6 7.2
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Fig. 2: Annual mean temperature map of Switzerland with marked
climatic/geographical regions and locations of used weather data stations [29].

Fifth, different proportions of internal heat were evaluated by including different types of applications
according to standard SIA 2024 [21]. As Table 4 shows, the selection was based on the widest possible spread
of internal heat load share.

Table 4: Investigated types of application

Proportion of internal heat load to total

Type of application Designation according to SIA 2024 [21] heat load [%6]

Hospital/doctors office Treatment rooms 51
Office building Open-plan office 57
Department store Specialty store, department store 83
Data center Server room 99

2.2. Calculation Model

The applied calculation model is based on thermal energy balances of hourly intervals over a calendar year.
This leads to a quasi-static view of the system, which means that storage effects of the building mass and in
possible cold or heat storages are not considered. As depicted in Eq. (1), the hourly target thermal load of a
building was calculated according to the standard SIA 2024 [21].

Qaem = (Pr + Dy + &; + D) - Aypg 1)
Qiem =0 = Qdem,C = Qdem 2
Qiem =20 = Qdem,H = Qdem ®)

Here, Qgem is the hourly heating/cooling demand, @ is the specific heating/cooling load with indexes T
for transmission, v for ventilation, i for internal and s for solar load. Ayr4 is the net floor area of the
representative building. If the target thermal load is negative, cooling load is present (Eq. (2)) and if it results
positive, heat load exists (Eq. (3)). Specific heating/cooling loads were calculated according to the standards
SIA 2024 [21] and SIA 2028 [22]. Further information on the calculation can be found in [28].

2.3. Evaluated quantitites

The value of greatest interest is the FC potential, as shown in Eq. (4). It is intended to provide information
on the usefulness of FC in relation to the total cooling load. For this purpose, the yearly amount of discharged
heat by FC (X Q¢ rcq) Was compared with the yearly total cooling load (X Q¢ orq) fOr each parameter
combination.
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Z QC,FC,a
Z QC,tot,a

In order to provide assistance to the reader, a calculation of the economic efficiency for a 200 kW refrigeration
plant was carried out [28]. To keep annual costs of a system with FC at the same level as a conventional one,
a FC potential of at least 11% (best case) or 39% (worst case) must be achieved. Otherwise, FC is not
considered economically viable. This classification is listed consistently in the results (cf. section 3).

FC potential = -100% (4)

3. Results

A total of 1200 parameter combinations were simulated and evaluated using the procedure described in
section 2. The most important findings are outlined below.

3.1. Influence of cold water supply temperature

Out of all parameters T.ys has the most significant influence on FC potential. As an example, the
evaluation for Zurich (representing the central plateau region) with dry recooler heat discharge is displayed in
Fig. 3. It shows that the FC potential decreases with decreasing Teps. At Tews < 10 °C, the FC potential
drops below 2 % for all circuits and applications, except the data center. This tendency applies to all locations,
heat discharge types, applications and circuits [28]. Applications with a low proportion of internal heat loads
(hospital/doctors office, office buildings) show the strongest response to this tendency.

The data center application represents a special case: Due to year-round cooling load, a considerable
proportion can be served by FC, even with relatively low T,,s. This confirms the common use of FC in data
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center chiller systems. However, it stresses the crucial point that cooling with high T, s leads to great FC
potential (up to 81 % in this evaluation) and therefore high energy savings.
3.2. Influence of hydraulic integration (circuit)
The FC potential is further influenced by the choice of hydraulic integration. The evaluation for Zurich with
dry recooler heat discharge (cf. Fig. 3) serves as an example again. Across all locations, heat discharge types,

applications and T, three main influences of the circuit can be identified:

Temperature difference across heat exchangers

Large temperature differences across heat exchangers have a negative influence on the FC potential since
they reduce the necessary spread between T, and the return temperature of the FC. Parameter combinations
with circuit 1 (largest temperature differences over the heat exchangers) therefore generally have the lowest
FC potential.

Operating mode of FC

The operating mode of FC has an influence on the performance, independent of all other parameters. With
bivalent-parallel mode the cold water return flow can be precooled as soon as the return temperature of the
heat discharge is lower. This allows longer FC operating periods and consequently higher FC potentials. It can
be seen that bivalent-parallel systems generally have higher FC potential than bivalent-alternative ones
(compare results of circuits 2 & 3 as well as those of circuits 4 & 5).

Type of refrigeration machine condenser

Comparing circuits 2 & 4 as well as circuits 3 & 5, they differ only in the type of refrigeration machine
condensation (cf. Fig. 1). No influence on the FC potential can be determined. Circuits which only differ by
direct or indirect condensation show the same FC potential for identical parameter combinations.
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3.3. Influence of location

The location defines T 4, which influences both Tg., and the application’s heat load profile, which in
turn significantly influences the FC potential across all parameter combinations. The decisive factor for this
influence is the dependence of the heat discharge system return temperature on the outside air temperature.

Davos, Ty o = 3.6 °C (swiss alps) Zurich, Ty, = 9.4 °C (central plateau)
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Fig. 4: FC potential for different locations with dry recoolers for heat discharge.

As an example, the FC potential evaluation with dry recooler heat discharge and Ty s = 14°C for
different regions is shown in Fig. 4. Regardless of the remaining parameters, it can be determined that low
ambient temperatures increase the FC potential. Thus, with the same application and circuit, greater potential
can be achieved in the Swiss alpine region rather than the Central plateau or Ticino. All investigated locations
in the Central plateau show only minor FC potential changes to Zurich.

3.4. Influence of heat discharge system

Dry recooler vs. hybrid recooler
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As an example, the evaluation of FC potential at T¢y,s = 14 °C and T¢ys = 22 °C for Zurich is shown
in Fig. 5. It must be considered that the hybrid recooler was modeled as if it were constantly sprayed on with
water. Therefore, the results for hybrid recooling show the maximum possible FC potential. With hybrid
recooling, the FC potential can be greatly increased compared to dry recooling. In some cases, it can be even
more than doubled.
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Fig. 5: FC potential for dry and hybrid recooler heat discharge in Zurich.

Geothermal probes and groundwater collection

Due to the simplifications made (cf. section 2.1), only an estimation of the maximum FC potential of
geothermal probes and groundwater is possible. Reminder: In order to determine the effects of water-fed heat
discharge systems, only circuit 1 was simulated.

The evaluations (Fig. 6) show a large FC potential at high T,,,s over all investigated locations. In generally
cold regions such as the Swiss alps (Davos), FC by groundwater collection can also be useful with low T¢ys
due to lower soil temperatures. It should be noted that heat discharge may be limited by legal restrictions. A
more exact statement would require a further investigation, in which the dynamic behavior of the geothermal
probe as well as groundwater collection is analyzed under consideration of the heat inputs.
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Fig. 6: FC potential with geothermal probes and groundwater collection for circuit 1.

4, Conclusion and Outlook

The main objective of the present study was to investigate the FC potential in Switzerland. This was done
by applying quasistatic simulations on typical FC use-cases for different T, s, applications, locations,
circuits, and types of heat discharge. A total of 1200 parameter combinations were calculated where 700 cases
(58.3 %) belong into the category “FC not recommended”, with FC potential under 11 %. Another 280 cases
(23.3 %) belong to the category “FC to be evaluated”, with FC potential between 11 % and 39 %. These cases
can economically benefit from FC, depending on the exact operating conditions. Last but not least, 220 cases
(18.3 %) belong to the category “FC recommended” with FC potential over 39 %. This means that, according
to this assessment, only less than half of all parameter combinations considered have a potential for which FC
should be evaluated or for which it is recommended. However, it should be noted here: Not all investigated
parameter combinations make practical sense (e.g., data centers usually aren’t cooled with Ty,s = 6 °C).
Nevertheless, this study reveals important principles for the use of FC, which are summarized below.
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1) Cooling and FC should be carried out at the highest possible T,y s. This increases the FC potential
on one hand and the general energy savings on the other.

2) Regarding hydraulic integration (circuit), the difference between direct and indirect condensation of
the refrigeration machine is negligible. Bivalent-parallel systems with precooling the cold water
return flow generally show higher FC potential than bivalent-alternative systems.

3) In terms of used heat discharge systems, hybrid recoolers or geothermal probes/groundwater
collections show large improvements in FC potential in some cases. Especially at high T, s, water
fed heat discharge systems show great advantages.

The analysis of the data center even allows to transfer some conclusions of the results onto industrial
refrigeration applications. If it is assumed that an industrial application has a year-round cooling demand,
increased FC potential can be expected. If, in addition, high T, are present the FC potential can be
maximized. From this point of view, FC is a very interesting technology for certain industrial cooling
applications. However, the exact relationships would have to be investigated in more detail. In addition, it must
not be forgotten for industrial refrigeration applications, that a possible heat utilization is clearly preferable to
a heat release to the environment. With the results in this study, it is possible to estimate the FC potential for
a specific cooling system. For this purpose, various diagrams and a description of the procedure are provided
in the original research report [28]. Furthermore, detailed analyses can also be found there.

With the Swiss Federal Office of Energy as contracting authority, this study was limited to investigations
in Switzerland. Further studies for regions with warmer or colder climates than Switzerland can provide
information on the validity of this approach as well as further insights on the FC potential in those regions.
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Nomenclature and Abbreviations

ANFA Net floor area of representative building FC Free cooling
Toa Annual mean air temperature MeteoSwiss  Swiss Federal Office of
Meteorology and Climatology
Tews Temperature of cold water supply line SIA Swiss society of engineers and
architects
dTwe-RL Temperature difference between wet SWKI Swiss association of building
bulb and heat discharge return line services engineers
Tref Temperature, at which heat can be VDMA German mechanical engineering
discharged to (depending on heat industry association
discharge system)
Y Qcrca  Yearly amount of dircharged heat by Y. Qctota Yearly total cooling load
free cooling
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